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TitaniumWe report on low-temperature scanning tunneling microscopy observations demonstrating that individual Ti
atoms on hexagonal boron nitride dissociate and adsorb hydrogen without measurable reaction barrier. The
clean and hydrogenated states of the adatoms are clearly discerned by their apparent height and their differential
conductance revealing the Kondo effect upon hydrogenation. Measurements at 50 K and 5 × 10−11 mbar indi-
cate a sizable hydrogenation within only 1 h originating from the residual gas pressure, whereas measurements
at 4.7 K can be carried out for dayswithout H2 contamination problems. However, heating up a low-T STM to op-
erate it at variable temperature results in very sudden hydrogenation at around 17 K that correlateswith a sharp
peak in the total chamber pressure. From a quantitative analysis we derive the desorption energies of H2 on the
cryostat walls. We ﬁnd evidence for hydrogen contamination also during Ti evaporation and propose a strategy
on how to dose transition metal atoms in the cleanliest fashion. The present contribution raises awareness of
hydrogenation under seemingly ideal ultra-high vacuum conditions, it quantiﬁes the H2 uptake by isolated tran-
sition metal atoms and its thermal desorption from the gold plated cryostat walls.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The adsorption of hydrogen is the ongoing focus of intense studies
in chemisorption/physisorption [1] in the context of heterogeneous
catalysis and in the ﬁeld of hydrogen storage.1
Concerning investigations with scanning tunneling microscopy
(STM), modiﬁcations of the sample's electronic and magnetic proper-
ties through an interaction with hydrogen have been reported. Exam-
ples are the coverage dependent inelastic excitations detected in the
differential conductance (dI/dV) of physisorbed hydrogen on a copper
surface [2], the emergence of vibrational excitations in dI/dV for hydro-
genated La, Cr, and Ce adatoms on Ag(100) [3], as well as the alteration
of themagnetic characteristics (Kondo effect) of Co adatoms on Pt(111)
upon hydrogen uptake [4]. Furthermore, molecular hydrogen was also
studied for its role in providing ultra-high geometrical resolution in
STM topographs [5,6].
The above investigations were carried out under ultra high vacuum
(UHV), and some of the H-induced effects showed up unintentionally,
before theywere conﬁrmed by deliberately dosingmolecular hydrogen.
This reﬂects the frequently encountered assumption of an ideal UHV
environment in surface science studies with the consequence of being
oblivious to a hydrogen presence. Molecular hydrogen, as a matter of
fact, is the dominant constituent of the residual gas, even though large
an effort is invested to efﬁciently remove it from the system, or to irrev-
ocably trap the molecules, in order to attain the required low pressuresrights reserved.in the 10−11 mbar range. The latter is ultimately limited by hydrogen
desorption from the chamber walls and the release of hydrogen from
ﬁlaments.
Little literature is devoted to quantify the unintended inﬂuence
of hydrogen in a UHV system. In the present low temperature STM
study, we investigate the hydrogen uptake by individual Ti adatoms
on hexagonal boron nitride (h-BN) grown onRh(111),where it exhibits
a strong corrugatedmoiré pattern, and on Ni(111), where it forms a ﬂat
commensurate layer. In thesemodel systems, signiﬁcant differences be-
tween the STMappearance of hydrogenated and clean Ti adatoms allow
to quantify the amount of hydrogen the sample is subject to under
seemingly ideal UHV conditions. Hydrogenated Ti adatoms show a pro-
nounced reduction of their apparent height, as well as a Kondo feature
in dI/dV on the non-magnetic substrate that is absent on the clean
species. We show that hydrogen encounters virtually no dissociation
barrier upon impinging on the Ti adatom, which entails the formation
of TiH, and presumably also to TiH2, complexes. While measurements
at 4.7 K can be carried out for days without signs of hydrogen contam-
ination from the residual gas, investigations at 50 K suffer from a sig-
niﬁcant hydrogen uptake within only 1 h. The liquid helium cooled
cryostat represents an efﬁcient hydrogen pump at 4.7 K, preventing
hydrogen from reaching the sample. When the low-temperature
STM is operated at variable temperature by heating up the cryostat,
hydrogen desorption sets in at 17 K, signifying a very low hydrogen
adsorption energy and explaining why the cryostat ceases to act as a
hydrogen pump at elevated temperatures. Furthermore, we show
how H-contamination from the evaporator can be avoided and we
demonstrate the removal of hydrogen from Ti adatoms through the
electrical ﬁeld of the STM tip.
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The measurements were performed with a homemade low temper-
ature STM, operating at 4.7 and 50 K and in a UHV chamber with a
base pressure p b 5 × 10−11 mbar [7]. All pressure values refer to the
readout of a N2-calibrated ionization gauge. The Rh(111) [Ni(111)]
single-crystal was cleaned by repeated cycles of Ar+ ion sputtering
(10 μA/cm2, 1 kV, 300 K, 30 min), annealing in oxygen (815 K, 5 min,
2 × 10−7 mbar) and ﬂash to 1450 K [1100 K]. The single layer h-BN
was grown by chemical vapor deposition (CVD) in exposing the sample
at 1040 K for 3 min to a borazine partial pressure of 2 × 10−6 mbar
[8,9]. Due to the catalytic activity of the substrate, and to the inertness
of the h-BN layer, the CVD growth is self-limiting to one monolayer [9].
Titanium atoms were deposited from a high purity rod with an
e-beam evaporator while maintaining the pressure in the 10−11 mbar
range and with the sample held in the STM position. The deposition
ﬂux was calibrated with STM by measuring the density of monomers
obtained from statistical growth of very small coverages on the atomi-
cally clean Rh substrate. The necessary condition for statistical growth
is that the adsorbed atoms are immobile at the deposition temperature
of 10 K. Evidence for this is derived from the fact that we ﬁnd only one
ad-species after Ti deposition on Rh(111), and that this species does not
move in consecutive STM images recorded at 4.7 K. At the low cover-
ages used, this identiﬁes them as monomers. The density of adsorbates
is thus equivalent to the coverage. Coverages are given in monolayers
(ML); one ML being deﬁned as one adatom per Rh or Ni substrate
atom, respectively.
Molecular hydrogen was dosed by backﬁlling the UHV chamber to a
given partial pressure with a leak valve and leaving the cryostat's ther-
mal shield open to permit direct exposure of the sample in the STM po-
sition. The exposure is given in Langmuirs, 1 L = 1.33 × 10−6 mbar s.
The STM images were acquired at constant current, and the indicated
tunnel voltages (Vt) correspond to the sample potential. Scanning
tunneling spectroscopy (STS) was performed by recording the bias-
dependent differential conductance using a lock-in ampliﬁer and
adding a sinusoidal 2 mV peak-to-peak modulation at 397 Hz to the
bias voltage.3. Results and discussion
3.1. Hydrogen from the evaporator
Fig. 1 shows STM images of the surfaces after deposition of per mill
amounts of Ti at 10 K onto (a)–(b) h-BN/Rh(111)–(12 × 12) [8,10–13]
and (c) h-BN/Ni(111)–(1 × 1) [9]. On all samples, individual protru-
sions are randomly distributed about the surface. They appear with
two distinct heights of around 150 and 330 pm, as it becomes evident
from the lower histogram on the left hand side in (d) and from the
two line cuts in (e). The fraction of low apparent height adsorbates is
signiﬁcantly reduced from (a) to (b) due to an improvement of the
evaporation conditions. For both experiments we have used a thor-
oughly degassed Ti source, however, in (a) the pressure during evapo-
ration has been in the low 10−10 mbar range, while for Fig. 1(b) and
(c) we had performed several preliminary depositions onto the closed
radiation shield of the cryostat with open evaporator shutter at 1.5–2
times higher ﬂux such as to stay in the 10−11 mbar range during the
evaporation onto the sample. This way the surface of the Ti rod is
degassed at slightly higher temperature than the one used for the
subsequent evaporation and the pumping of the evaporator is more
efﬁcient with the shutter open. The same holds for Ti deposition on
h-BN/Ni(111), shown in Fig. 1(c) for the improved deposition routine.
As will become evident below, the adsorbates appearing with small
height in constant current STM images are hydrogenated Ti atoms
and the ones appearing as 330 pm tall protrusions are clean ones. There-
fore commonly used deposition conditions lead to a hydrogenation ofroughly half of the adsorbates, while surfaces with 98% clean Ti atoms
can be created by putting special care on the evaporation conditions.
We note that on h-BN/Rh(111)–(12 × 12) the Ti atoms are located
between the moiré depressions and the connected protruding areas,
also referred to as wires [8]. We observe that the adsorbates are immo-
bile at the imaging temperature of 4.7 K on both samples; for h-BN/Rh
this is in accordance with former observations of individual molecules
[8,12,14,15], rare gas [16,17], and transition metal adatoms [18].
The assignment of each protrusion to a single Ti atom comes from the
evaluation of themean cluster size as being close to one atom.We follow
the procedure outlined in ref. [18] that also yields the initial sticking coef-
ﬁcient s0. The sample of Fig. 1(a) has been on purpose only partly covered
by h-BN. On the clean Rh(111) parts we determined the Ti coverage to be
Θ = (8.1 ± 0.4) × 10−4 ML. If this coverage were also present on the
h-BN areas, one would expect a fraction of empty moiré unit cells, with
size n = 144 Rh(111) unit cells, of P0 = (1–Θ)n = (0.890 ± 0.005).
However, we observe with (0.906 ± 0.005) a slightly, but signiﬁcantly
larger fraction of empty cells. This fraction is obtained for a coverage
of Θ = (6.9 ± 0.3) × 10−4 ML. Therefore the coverage on h-BN/
Rh(111) is signiﬁcantly lower and the initial sticking coefﬁcient is
s0 = (0.85 ± 0.09) for Ti deposited onto this surface at 10 K. From
the ratio of coverage and density we determine a mean cluster size
per protrusion of (1.05 ± 0.10) atoms in Fig. 1(a) and thus the protru-
sions are almost exclusively individual Ti adatoms, either hydrogenated
or not. For the case of h-BN/Ni(111), we compared adsorbate densities on
clean Ni and h-BN covered surface areas and derived s0 = (0.8 ± 0.1). In
accordance with these results, initial sticking coefﬁcients below one have
been reported for transition metal adatoms on h-BN/Ni(111)–(1 × 1)
[19] and on h-BN/Rh(111)–(12 × 12) [18].
3.2. Hydrogen dosage
From the above observationswe conclude that each of the adsorbate
induced protrusions in Fig. 1(a), (b), and (c) contains a single Ti adatom.
The evidence that one of the two species is a clean and the other a hy-
drogenated Ti adatom is derived from exposing a sample with mostly
Ti atoms in the high apparent height state to a partial pressure ofmolec-
ular hydrogen. Fig. 2 shows that dosing 1 L H2 at 10 K leads to a drop of
the adsorbates apparent height from (330 ± 16) in (a) to (110 ± 20)
pm in (b), clearly identifying the latter as the hydrogenated species. In
addition to the Ti adsorbates, the STM images show h-BN point defects
(one has been labeled d) that exhibit a marked contrast inversion upon
hydrogen adsorption, presumably due to a H atom in the tunnel junc-
tion [5,6]. The line defect in Fig. 2(a) is a h-BN domain wall where the
stacking of the B atoms with respect to the substrate changes from fcc
to hcp; note that the N atom are always at on-top sites [20,21].
3.3. STM-induced hydrogen desorption from Ti adatoms
It is possible to remove hydrogen from the Ti host atom via tip ma-
nipulation. A h-BN/Rh(111)–(12 × 12) sample with a majority of hy-
drogenated Ti adatoms is shown in Fig. 3(a). A bias pulse of +4 V
applied for 50 ms at open feedback loop with the tip centered above
the position marked by × removes virtually all hydrogen from Ti
adatoms locatedwithin a radius of about 40 nm, see Fig. 3(b). The larger
the pulse amplitude the larger the desorption region, i.e., there is a mo-
notonous correlation of the H-removal radius and the voltage pulse.
Radii of the order of 100 nm have been observed with voltage pulses
up to +8 V. The latter, however, frequently involved undesired tip-
changes.We note that the voltage pulsemediated hydrogen desorption
equally works for the hydrogenated Ti adatoms on h-BN/Ni(111).
3.4. Hydrogen induced Kondo effect
In addition to the different apparent height, hydrogenated and
clean Ti atoms adsorbed onto h-BN/Rh clearly distinguish themselves
2 The errors were determined by manually varying the ﬁt parameters until the dis-
agreement with the measured conductance became signiﬁcant.
3 The formula is expressed for HWHM and the factor α from Ref. [29] is set equal to
2π, in agreement with Ref. [25].
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Fig. 1. (a) Coexistence of clean and hydrogenated Ti atoms on h-BN/Rh(111)–(12 × 12) discerned by their apparent heights [Θ = (6.9 ± 0.3) × 10−4 ML, Vt = −100 mV, It = 20 pA].
(b) Improving the degassing routine of the evaporator increases the fraction of clean Ti atoms tomore than 90% [Θ = (1.2 ± 0.1) × 10−3 ML, Vt = −50 mV, It = 20 pA]. (c) Clean and
hydrogenated Ti adatoms are also found for Ti deposition on h-BN/Ni(111) [Θ = (2.3 ± 0.1) × 10−3 ML, Vt = −100 mV, It = 10 pA]. (a), (b), and (c) Tdep = 10 K and TSTM = 4.7 K.
(d) Apparent height histograms of the Ti adsorbates for the samples shown in (a) bottom left, (b) top left, and (c) right. (e) Line proﬁle across a clean (•) and hydrogenated (♦) Ti adatom.
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clean Ti adatoms is basically featureless, whereas the hydrogenated one
exhibits a distinct zero-bias resonance with a 100% conductance in-
crease. A voltage pulse of+1.2 V on the adatom showing the resonance
removes hydrogen and concomitantly resets the dI/dV to the featureless
one characterizing the clean Ti adatom, see Fig. 4(c) and (d).
The peak at the Fermi level (EF) is attributed to a Kondo feature
[22,23]. Below the Kondo temperature TK, the magnetic moment of a
localized magnetic impurity is screened collectively by the surrounding
conduction electrons of the non-magnetic host. The spectral line shape
of the Kondo feature arises from the interference of electrons tunneling
directly into the impurity state with the ones tunneling into the
continuum. It is described by a Fano function [23–25]:
dI
dV
Vð Þ∝ qþ ð Þ
2
1þ 2 ;  ¼
eV  0
Γ
: ð1Þ
Γ describes the half-width at half-maximum (HWHM) of the reso-
nance, q the ratio of tunneling into the impurity versus the continuum,
and 0 gives the position of the impurity statewith respect to EF [23–26].
The recorded dI/dV curve was ﬁtted by iteratively adjusting the Fano
line-shape parameters and subsequent convolutionwith the function of
thermal and modulation broadening [27,28]. The sample and tip tem-
peratures were hereby assumed to be equal to 4.7 K. The result of this
procedure is shown as full black line in Fig. 4(c). It is in excellentagreement with experiment and yields Γ = (2.8 ± 0.2) meV and q =
(4.15 ± 0.05).2
From these parameters we ultimately extract the intrinsic Kondo
temperature of TK = (29 ± 3) K through Γ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
πkBTð Þ2 þ kBTKð Þ2
q
[25,29],where T is the sample temperature of 4.7 K, and kB the Boltzmann
constant.3 A Kondo resonance in STS was reported for Ti atoms adsorbed
on Au(111) [30], on Ag(100) [25], and on Cu2N/Cu(100) [29]. In the
present case, this resonance becomes apparent only after hydrogenation
of the Ti adatom. Hydrogen may change the charge state and thereby
the spin of the adatom, but also its magnetic anisotropy. Both may be in-
volved in the appearance of the Kondo effect [4]. We note that the
H-induced Kondo effect reported here for Ti atoms on h-BN is not ob-
served on Ni(111), presumably due to the high spin-polarization at EF
[21] that is preventing the spin-ﬂip scattering of the conduction electrons.
3.5. Hydrogen uptake by titanium adatoms
The hydrogen uptake by an ensemble of Ti atoms adsorbed onto
h-BN/Ni(111) has been monitored at 50 K by recording consecutive
c5 nma b
4003002001000
Apparent height (pm)
100
50
0
Fr
eq
ue
nc
y 
(%
)
N = 703
N = 432
clean
H2
d
d
Fig. 2. Sample with Ti adatoms on h-BN/Ni(111) before (a) and after (b) 1 L hydrogen exposure at 10 K (Vt = −100 mV, TSTM = 4.7 K, (a) It = 210 pA, (b) It = 20 pA). (c)
Superimposed apparent height histogram of Ti adatoms before and after exposure to molecular hydrogen with the respective numbers of analyzed events indicated on the right.
83F.D. Natterer et al. / Surface Science 615 (2013) 80–87STM images of the same surface region over 6 h. The result is shown in
Fig. 5. The ﬁrst image depicts the surface shortly after deposition. Almost
all the Ti adatoms are in their clean state and imaged as 300 pmhigh pro-
trusions, in agreementwith the experiment at 4.7 K.With elapsing time, a
clear surface evolution can be observed. After only 1 h almost 50% of the
Ti adatoms are hydrogenated and appear with the reduced height. Five
more hours later one encounters only traces of clean Ti adatoms. The rel-
ative abundance of clean Ti atoms over time is shown in Fig. 5(d). It isa b
Fig. 3. Hydrogen removal from an ensemble of hydrogenated Ti adatoms by a bias pulse of +
STM image (a) before and (b) after bias pulse (Vt = −100 mV, It = 20 pA, Θ = (1.2 ± 0.2perfectly ﬁtted by the expected exponential decay n/n0 = exp(−t/τ)
and yields a decay constant of τ = (7.7 ± 0.5) × 103 s. We recall the
low residual pressure of p = 5 × 10−11 mbar.Working under these con-
ditions is generally assumed to be sufﬁciently good for observation times
of a few hours for a sample in its clean state, and a co-adsorption of resid-
ual gas is often disregarded.
In order to derive an estimate of the sticking coefﬁcient for molec-
ular hydrogen on individual transition metal adatoms, in our case on30 nm
4 V and 50 ms duration applied at the indicated position (×) with open feedback loop.
) × 10−3 ML).
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Fig. 4. STM images of two Ti adatoms on h-BN/Rh(111). (a) One atom is clean (×) and one hydrogenated (+). (b) Both atoms are clean after removing the H with a +1.2 V pulse
above (+) (Vt = −100 mV, It = 20 pA). (c) The hydrogenated Ti adatom exhibits a Kondo resonance in dI/dV that is (d) absent for the clean Ti adatom (set point before opening
the feedback-loop: Vt = −50 mV and It = 200 pA). The full black line in (c) shows a ﬁt with a Fano function. The spectra are normalized to the conductance at−50 mV and ver-
tically offset by one unit. The right hand side in (a)–(b) shows the coexisting Rh(111) surface termination.
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area of a gas of molecules with mass m, at pressure p, and tempera-
ture T:
R ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2πmkBT
p : ð2Þ
For our conditions of p = 5 × 10−11 mbar, T = 50 K, and taking
into account the fact that the residual gas is dominated byH2, this yields
v = 7.1 × 10−5 s−1 per Ni(111) site (ANi(111) = 5.377 × 10−20 m2)
with v = RA. This rate translates to a mean time between subsequent
impingements of τ′ = 1.4 × 104 s. One immediately sees that τ′ and
τ differ only by a factor of 2; considering the ionization gauge sensitivity
of 0.5 [31,32] for H2 brings them to coincidence.
In this analysis, however, two more issues should be alluded to. The
ﬁrst is the thermal transpiration factor between the poorly connected
volumes of the surrounding UHV chamber and the inner volume of
the cryostat that entails a pressure ratio of
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
T in=Tout
p
, where Tin and
Tout denote the gas temperature inside the cryostat and at the ionization
gauge, respectively. Another aspect is the destiny of the second H atom
after the dissociation of themolecule over the Ti adatom. The ﬁrst sticks
to the Ti atom, while the second may either desorb or migrate over
the h-BN surface to the next clean Ti adatom and hydrogenate it. In the
latter case, with Tin/Tout = 6, and the ionization gauge sensitivity of 0.5,
we derive from the measured decay time a pressure readout of (5.6 ±
0.4) × 10−11 mbar, in agreement with the indicated base pressure.
Therefore H2 molecules arriving at the Ti adatoms are dissociated
virtually with unit efﬁciency. This can be rationalized as follows. In gen-
eral, the d holes characterizing bulk transitionmetalsmediate hydrogen
dissociation [33]. Furthermore, the dissociation ability of a transition
metal surface is considerably enhanced at low-coordinated atoms
such as steps [1,34]. For isolated transition metal atoms, such as Ni, hy-
drogen dissociation takes place via a charge transfer from the TMhost tothe anti-bonding states of the molecule, which will increase the H\H
separation and ultimately lead to its dissociation [35,36]. While our
data are suggestive for one H atom per Ti host, a close inspection of
the apparent height distribution using a smaller bin size than in
Fig. 2(c) reveals two peaks for the hydrogenated species, one centered
at 110 and the other at 150 pm, whichmay be a signature of coexisting
TiH and TiH2 complexes. Hydrogen molecules hitting the h-BN layer at
50 K are scattered back into the vacuum without interfering with
clean Ti atoms. We observe physisorption of molecular hydrogen only
at 10 K. It manifests itself by patches of a
ﬃﬃﬃ
3
p

ﬃﬃﬃ
3
p 
R30∘ superstruc-
ture ﬁxed around the Ti adatoms in Fig. 2(b) [37].3.6. Hydrogen desorption from cryostat walls
After having quantiﬁed the H-uptake by Ti atoms adsorbed onto
h-BN ﬁlms, we can use such samples as very sensitive H detector inside
the STM. Low-T STMs are sometimes used at variable temperature by
letting the cryostat heat itself up after boiling off the cryogen. It is of in-
terest at which sample temperature and how fast the sample gets
H-contaminated under these circumstances. We address this question
for our microscope. Once the cryogen is completely boiled off, the tem-
perature rises with 2.3 m K s−1, which is sufﬁciently slow to enable
drift-compensation and therefore to stay on the same microscopic sur-
face spot in a temperature range of 4.7–43 K. These values refer to the
cryostat temperature. The sample is slightly cooler than this while
heating. The temperature evolution of the number of clean versus hy-
drogenated Ti atoms is shown in Fig. 6.
In the initial state at 4.7 K, 98% of the atoms are clean and only 2%
hydrogenated, see Fig. 6(a). For temperatures up to 16.0 K, the sam-
ple cleanliness remains unchanged, until at 16.3 K the apparent
heights of the Ti adatoms suddenly drop to the value characteristic
of hydrogenated Ti atoms, see Fig. 6(b). Fig. 6(c) shows that this
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Fig. 5. Hydrogen uptake by Ti adatoms on h-BN/Ni(111) at 50 K. (a) In the initial state, most of the Ti adatoms are clean and appear as bright protrusions. Progressive increase of the
abundance of adsorbates appearing with lower height after (b) 1 h and (c) 6 h exposure to the residual gas. (d) Exponential decrease of fraction of clean Ti adatoms versus time
[p = 5 × 10−11 mbar, Vt = −100 mV, It = 10 pA, Θ = (2.8 ± 0.5) × 10−3 ML].
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shown in Fig. 6(d) exhibits a sharp peak centered at 17 K and there-
fore at comparable, but slightly higher temperature. This peak arises
from H2-desorption off the cryostat walls. Its height reﬂects the ex-
perimental history preceding the warming up of the cryostat. By
way of example, the pressure traces in Fig. 6(d) represent, from bot-
tom to top, one day holding time, three days holding time, and the
deliberate exposure to 1 L hydrogen before boiling off the cryogen.
The pressure evolution is reminiscent of thermal desorption spec-
troscopy (TDS) [38,39]. The desorption takes place from the gold plat-
ed copper walls of the cryostat. Since this is a polycrystalline surface,
a distribution of adsorption sites with different desorption energies is
expected. We therefore apply the method of Barrie [40] and ﬁt the
highest pressure peak to a normal distribution of desorption temper-
atures (μ ± σ) = (18 ± 4) K. The ﬁt is shown as light-red curve in
Fig. 6(d). It agrees very well with experiment and yields a desorption
energy distribution of (52 ± 11) meV, under the assumptions of a
common attempt frequency of 1013 Hz and a coverage independent
desorption energy. In the view of the available TDS resolution and
the slow heating rate β, that may allow for hydrogen re-adsorption,
this low mean desorption energy has to be treated cautiously. None-
theless, it reﬂects the very weak binding of hydrogen to the Au
plating that is suggestive of a physisorbed molecular state.
We now compare the H2 exposure of the sample resulting from
the pressure peak with the one needed to explain the fast observed
uptake. The exposure is obtained by integrating the surface impinge-
ment rate v per Ni site in the considered temperature interval [T0,TE]:
D ¼ ∫tEt0 ν tð Þ dt ¼ β∫
TE
T0
ν Tð Þ dT; ð3Þ
where D is expressed in Langmuirs. The fraction of hit surface sites in
the course of dosing D Langmuir of H2 is given by ν = 1 − exp(−D).The integration of curve□, for instance, yields a dose of 2.6 L and con-
comitantly 93% of all surface sites have been hit during the overall
temperature rise from 5 to 35 K. For the fast switching of Ti adatoms
at 16.3 K, an equal or larger amount has to hit the sample within only
0.5 K. We recall that the above analysis has been performed for the
volume outside the cryostat and the actual exposure the sample is
subject to is expected to be signiﬁcantly higher owing to the bad con-
nection of the inner cryostat to the surrounding UHV vessel. A simple
estimate shows that the pressure difference can amount to several
orders of magnitude when considering the physical dimensions of
the cryostat. By way of example, pre-covering the internal cryostat
walls (500 cm2) by 1/100 ML hydrogen gives rise to a partial pres-
sure inside the 1 l volume of the cryostat of 2.6 × 10−5 mbar for a
gas temperature of 20 K and without leakage. The fast switching
thus already occurs at the leading edge of desorption and explains
why the transition temperature slightly shifts from one experiment
to another and why it is generally higher than the temperature
where the hydrogenation of the Ti adatoms is observed.
4. Conclusions and outlook
The interaction with hydrogen has dramatic effects not only on
the topography of Ti adatoms but also on their electronic properties
on metal supported h-BN. It was shown that a base pressure in the
10−11 mbar range is not sufﬁcient in preventing a hydrogen co-
adsorption if the innermost radiation shields of the low-T STM are
at 50 K. Consequently, experiments that are sensitive to hydrogen
cannot be reasonably carried out at 50 K. However, no measurable
H-contamination is detected when monitoring Ti adatoms at 4.7 K,
i.e., the pressure inside the liquid helium cooled radiation shield
is well below 10−14 mbar [41]. Our quantitative analysis yields
that every H2 molecule hitting a Ti atom gets dissociated without
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Fig. 6. H2 desorption from cryostat walls while increasing the sample temperature. (a) Initial state with 98% clean Ti adatoms on h-BN/Ni(111) at 4.7 K. (b) Same surface region
showing sudden hydrogenation at 16.3 K, scan from bottom to top. (c) Fraction of clean Ti adatoms as function of scan position in (b), respectively, STM temperature. (d) Residual
gas pressure during increase of STM temperature for three experiments with different histories; see text. [Vt = −100 mV, It = 20 pA, and Θ = (2.3 ± 0.3) × 10−3 ML].
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Hydrogen molecules hitting the h-BN substrate at 50 K get reﬂected
back into the gas phase, while at 4.7 K they form a physisorbedﬃﬃﬃ
3
p

ﬃﬃﬃ
3
p 
phase condensing around point defects such as the Ti
adatoms. The similarity between h-BN and graphene renders the
discussed hydrogen interaction of adsorbed TM atoms relevant also
to the growing ﬁeld of epitaxial graphene and of its doping with ad-
sorbates. In particular, when investigating magnetic properties with
spatially integrating techniques, such as X-ray magnetic circular di-
chroism, one possibly studies hydrogenated species coexisting with
the clean ones. However, also local probe measurements on individu-
al adatoms have to be carried out with vigilance against hydrogen ad-
sorption. For the present system Ti/h-BN it takes place without
measurable dissociation barrier.Acknowledgments
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